Abstract: Monolithic integration of Al 2 O 3 :Er 3+ amplifier technology with passive silicon-on-insulator waveguides is demonstrated. A signal enhancement of >7 dB at 1533 nm wavelength is obtained. The straightforward wafer-scale fabrication process, which includes reactive cosputtering and subsequent reactive ion etching, allows for parallel integration of multiple amplifier and laser sections with silicon or other photonic circuits on a chip.
Introduction
Within the last decade silicon-on-insulator (SOI) technology has rapidly developed into a well-established photonics platform [1] for a wide range of passive integrated optics applications operating in the near-infrared wavelength range. Although the typical propagation losses of silicon waveguides (0.9-3 dB/cm) [1] [2] [3] are significantly higher than the values of <0.1 dB/cm achieved in Si-compatible dielectric technology [4] [5] [6] , the high refractive index contrast of silicon waveguides allows for shorter devices and densely integrated optical circuits. Low-loss bends with radii down to 5 µm are realized in silicon photonics. Furthermore, CMOS compatibility and an existing processing infrastructure add to the attractiveness of this technology. Besides passive functions, integrated modulation schemes [7] and light detection [8] are addressed. However, one fundamental drawback of Si photonics, the lack of efficient light generation because of the indirect bandgap in Si, remains.
Light generation on silicon chips can be achieved by integration of III-V semiconductor optical amplifiers (SOA) or rare-earth-ion (RE) doped dielectric thin films. Both approaches yield their specific advantages and drawbacks [8] . While the former requires hybrid integration schemes such as die-to-wafer bonding [9, 10] , the latter allows for direct waferscale deposition onto silicon substrates [11] . On the other hand, electrical pumping of SOAs provides a clear advantage over optical pumping of RE ions. Thus far, electrically pumped RE-doped dielectrics in a slotted Si-waveguide configuration have been proposed [12] , but an experimental verification is still missing. In addition, SOAs deliver a gain per unit length of a few hundred dB/cm [13] , while their dielectric counterparts typically provide only a few dB/cm [11, 13] . Nevertheless, for specific applications RE-doped dielectrics are superior to III-V semiconductors. In an Er-doped waveguide amplifier on a Si wafer, amplification at bit rates up to 170 Gbit/s was recently demonstrated without noise penalty or patterning effects [14] . And there is the prospect for higher bit rates, as in Er-doped fibers high-speed amplification of an optical time division multiplexed and polarization multiplexed signal has reached 1.28 Tbit/s [15] . In contrast, when operating SOAs in a saturated or quasi-saturated gain regime, eye closure occurs, because their carrier lifetime of typically 100 ps causes transient gain suppression and recovery depending on bit rate and sequence [16] . Furthermore, laser linewidths of free-running single-longitudinal-mode distributed-feedback (DFB) lasers as narrow as 1.7 kHz have been demonstrated in RE-doped materials [17, 18] , while the typical linewidth of commercially available III-V DFB lasers ranges from 1 to 10 MHz [19, 20] . Last but not least, operation of SOAs is more strongly influenced by temperature than their dielectric counterparts [13] . With increasing temperature the gain spectrum shifts significantly in wavelength, which can result in mode hopping. With RE-doped dielectrics instead, temperature stabilization can often be avoided altogether.
In this paper, we present a new approach and first experimental results on wafer-scale monolithic integration of active Er-doped dielectric waveguide technology with passive Si photonics. The integration concept and technological choices are discussed and our specific device design, fabrication aspects, and amplifier measurements are presented.
Integration concept and design

Integration concept of active and passive technologies
The integration concept is depicted in Fig. 1 . In the same plane of an SOI chip, silicon photonic functions like passive circuitry and pump/signal multiplexing (MUX) and demultiplexing (DEMUX) sections (black) are integrated with Er-doped active functions (red), such as lossless fiber-chip couplers, high-speed amplifiers, and narrow-linewidth lasers. The active and passive functions are connected through silicon photonic wires (blue), which are inversely tapered into the Er-doped dielectric channel waveguides to ensure low-loss coupling of pump and signal light. Besides enabling high coupling efficiency, this type of coupler offers a large optical bandwidth [21] , which is essential for exploiting active functions operating over a correspondingly large gain bandwidth. The active sections can be fabricated in multiple copies at any position on the chip by a simple two-step parallel process: deposition of the active thin film and subsequent reactive ion etching of the channel waveguides. As long as sufficient pump power is available, pumping of multiple amplifier and laser sections can be achieved by coupling a single diode laser, splitting its power onchip, and launching it into the Er-doped sections.
For implementing this concept, requirements on the active technology are high-quality waveguide layers, sufficiently high gain over a broad wavelength range, a reliable, Sicompatible wafer-scale deposition process, and a high refractive index n of the active waveguide material. The latter enables the realization of compact integrated gain devices and small waveguide cross-sections, requiring lower pump power to achieve the same pump intensity, hence allowing a single diode laser to pump a larger number of active device sections on the chip.
We have chosen Er-doped amorphous aluminum oxide (a-Al 2 O 3 ) as the gain material. Its broad transparency spectrum and high RE-ion solubility make Al 2 O 3 an excellent host for active ions [22] . Reactive co-sputtering allows for straightforward deposition on different substrates. As-deposited planar waveguides and dry-etched channel waveguides with losses as low as 0.1 dB/cm and 0.2 dB/cm, respectively, are reliably fabricated [11, 23] . Furthermore, the refractive index of a-Al 2 O 3 (n = 1.65 at λ = 1.55 µm) is high compared to other typical dielectric hosts, such as silica (n = 1.45) or phosphate glass (n = 1.55). Low-loss bends with radii below 500 µm were demonstrated in a compact, 0.5 × 1.5 µm 2 waveguide cross-section [24] . For Er concentrations of 1-2 × 10 20 cm 3 , amplification a with net peak gain of 2.0 dB/cm at λ = 1533 nm and a gain bandwidth of 80 nm (λ = 1500-1580 nm) was achieved [25], resulting in the realization of a range of on-chip integrated active devices, such as a high-speed amplifier operated at 170 GBit/s [14] , a zero-loss optical power splitter [24] , a wavelength-selective ring laser operating almost across the entire telecom C-band [26] , as well as an ultra-narrow-linewidth (1.7 kHz) DFB laser [18] . Therefore, this technology fulfills all of the basic requirements for integration on a SOI platform. 
Concept implementation and design
The SOI platform uses chips of size 13.5 × 29 mm 2 produced in a multi-user run of the epixfab CMOS line [27], with a 2-µm-thick silicon oxide (SiO 2 ) buffer and a 220-nm thick single-crystalline SOI layer. For single-mode waveguide operation, the channel width is set to 450 nm. Typical propagation losses of 2.4 dB/cm are achieved [2] . The Si channel waveguides are designed for TE-polarized light propagation.
The parameters of the active Al 2 O 3 :Er 3+ sections were adapted to these boundary conditions. A minimum thickness of 1 µm was calculated for the Al 2 O 3 film in order to avoid coupling of the propagating mode through the 2-µm-thick SiO 2 buffer layer to the silicon substrate. The channel width and etch depth of the Al 2 O 3 film were determined to be 2.5 µm and 270 nm, respectively, for single-mode operation of randomly polarized light, 97% overlap between the pump (λ = 1480 nm) and signal (λ = 1533 nm) mode profiles, and a confinement of these modes within the active region of >80%. The coupling efficiency for launching light from a standard single-mode fiber into the Al 2 O 3 channel waveguide was calculated with PhoeniX FieldDesigner software [28] to be 20%. Although fiber-chip coupling can be significantly improved [5] , it was not the focus of the present study. An optimal Er concentration of 2.70 × 10 20 cm 3 was calculated, taking into account the maximum amplifier length which was limited by the available chip length of 13.5 mm, and the available launched pump power of up to 50 mW.
Inverted Si tapers were designed in order to expand the Si waveguide mode and efficiently couple light from the Si to the Al 2 O 3 :Er 3+ waveguide. The minimum feature size that can be realized in the Si etching process is 100 nm. For the given SOI and Al 2 O 3 geometries the taper design was optimized by varying the taper length and shape in calculations based on a 3-dimensional fully vectorial eigenmode expansion method. A coupling loss as low as 0.5 dB induced by the Si-Al 2 O 3 :Er 3+ coupler was calculated for the optimum design in which the width of the 450-nm Si channels is decreased linearly to 100 nm over a 400-µm-long tapering section. A summary of all geometrical parameters of the active / passive test devices is provided in Fig. 2 . In the final device design two Al 2 O 3 :Er 3+ waveguides with a combined total length of 9.5 mm were linked through a 4-mm-long Si waveguide with inverted tapers at both ends, creating a 13. 
Experimental results
The process flow for the fabrication of integrated Si-Al 2 O 3 :Er 3+ structures is depicted in Fig.  3 . The Si waveguides were fabricated using state-of-the-art CMOS fabrication tools in a 200-mm CMOS pilot line. 193-nm-deep UV lithography was applied to define the 450-nm-wide channel waveguides and inverted taper structures (Fig. 3a) . A SEM image of the 100-nmwide tip of the inverted taper is shown in Fig. 4a . An Al 2 O 3 :Er 3+ layer of 1030 nm thickness with an Er concentration of (2.70 ± 0.18) × 10 20 cm 3 was deposited onto the SOI structures by reactive co-sputtering (Fig. 3b) . SEM images of cross-sections of the overgrown Si channels are depicted in Figs. 4b and 4c . The cross-sectional views are taken along the Si inverted taper showing the silicon channel at two different widths. Al 2 O 3 :Er 3+ ridge-type channel waveguides were then defined by standard lithography and reactive ion etching (Fig.  3c) . The alignment accuracy of the Al 2 O 3 :Er 3+ channel waveguides on top of the Si photonic wire was within ± 0.5 μm which is the tolerance of our lithographic equipment. The resulting channels were 2.5 µm wide and the etch depth was 270 nm. Finally, the end-facets of the active/passive chips were diced to enable fiber butt-coupling to the Al 2 sections would enable operation at both, TE and TM polarization [25] . 1480-nm pump light from a pig-tailed laser diode and modulated signal light from a tunable laser source operated at different wavelengths relevant for the C-band were combined by a wavelength-divisionmultiplexing (WDM) fiber coupler and simultaneously launched into the device. The coupled signal power was varied between ~1 to 100 µW to provide information on the small-signalgain limit. A second WDM coupler placed at the output of the chip and detection with standard lock-in amplification were employed to discriminate the outcoupled signal light from residual pump light and amplified spontaneous emission. By insertion loss measurements the pump coupling efficiency was determined to be 19%, in good agreement with the calculated value of 20%. The maximum launched pump power was 53 mW. The signal enhancement S was calculated from the equation where I p and I u are the transmitted signal intensities in the pumped and unpumped case, respectively. In Fig. 5a 3+ . An enhancement of 7.2 dB was measured for the peak wavelength of 1533 nm at a launched pump power of 53 mW. To our knowledge, this is the first demonstration of wafer-scale monolithic integration of Er-doped dielectric amplifiers with Si channel waveguides. The signal enhancement measurement for different 1533-nm signal powers is shown in Fig. 5b . The small-signal-gain regime is evident for the lower signal power values, whereas saturation effects start to show up when signals of 100 μW are launched. 
Discussion
As mentioned above, losses of ~2.5 dB in the Si-Al 2 O 3 :Er 3+ couplers were measured. The increase compared to the simulated coupler losses of 0.5 dB was explained by the mode leaking from the Al 2 O 3 :Er 3+ channel into residual silicon structures on both sides of the coupling section, which were in too close proximity to the inverted tapers and could not be removed from the demonstrator chips. In case of perfect horizontal alignment of the Al 2 O 3 :Er 3+ with the Si waveguides, the residual Si structures are spaced by 1.25 μm from the edge of the Al 2 O 3 :Er 3+ channel waveguide. The interaction length between the optical mode and the residual Si structures is on the order of 100 μm. Light coupling into the residual Si structures was calculated by a variational effective index method in combination with a quadridirectional eigenmode propagation solver [29, 30] . For horizontal Al 2 O 3 channel misalignment of 0 μm, 0.25 μm, and 0.5 μm, losses into the Si of 70 dB/cm, 105 dB/cm, and 190 dB/cm, respectively, were calculated. The same alignment tolerance was applied to calculate the impact on the coupling loss in the taper coupler in the absence of residual Si structures by the beam propagation method [31] . A misalignment of 0.5 μm results in only 0.2 dB additional loss. We conclude that the additional 2-dB loss in the coupler section is mainly due to the residual Si structures, which are a matter of design modification to be addressed in future fabrication. Although owing to the additional loss induced by the residual Si structures no net gain could be demonstrated with the present Al 2 O 3 :Er 3+ -SOI devices, one can compare the measured signal enhancement to that in Al 2 O 3 :Er 3+ amplifier devices deposited on thermally oxidized silicon wafers [11] . In the latter, net gain was demonstrated for Er concentrations of 0.5-4 × 10 20 cm 3 [25] . From Eq. (4) in [25] and Eq. (1), the signal enhancement S (dB) over the total amplifier length L can be calculated as 
where γ(λ) is the internal net gain (dB/cm) and α Total (λ) is the total propagation loss coefficient (sum of propagation and Er-absorption losses, in dB/cm). To determine the ideal internal net gain γ(λ) of a standard Al 2 O 3 :Er 3+ waveguide amplifier with the experimental length L = 9.5 mm and Er concentration of (2.70 ± 0.18) × 10 20 cm 3 of the Al 2 O 3 :Er 3+ section of the current device, the rate-equation model described in [32] was applied. At the maximum launched pump power of 50 mW the result is an internal net gain of 1.96 ± 0.07 dB/cm at the 1533-nm signal wavelength. For the same wavelength a total propagation loss coefficient α Total (λ) of 6.06 ± 0.44 dB/cm is extrapolated from the loss measurements reported in [25] . Consequently, from Eq. (2) Light coupling from a single-mode fiber to the chip can be largely improved with a horizontally and vertically inverted Al 2 O 3 :Er 3+ taper. When setting the minimum width at the taper tip to 800 nm (because of fabrication constrains) and the etch depth to 270 nm (as for the presented amplifiers), the optimized channel cross-section at the fiber-chip interface has dimensions of 800 × 325 nm 2 and a fiber-chip coupling efficiency of 76.9% (1.15 dB loss) is calculated at λ = 1533 nm. This value is a significant improvement over the 19% reported above for the non-optimized device and is even higher than the 69.5% coupling efficiency currently achieved in SOI grating couplers [33] . Moreover, the wavelength dependence of taper-based couplers is due mainly to the material dispersion. The coupling efficiency of our Al 2 O 3 :Er 3+ couplers exhibits a variation of only 1% from the 1480-nm pump wavelength up to 1565 nm, while the strong wavelength dependence of SOI grating couplers results in a drop of the coupling efficiency from 69.5% to 31.6% and 8.9%, respectively, at these two wavelengths [33] . The small wavelength dependence of the inverted taper couplers largely adds to their attractiveness. However, their implementation requires a SiO 2 buffer thickness larger than 2 μm to avoid light coupling into the Si substrate. A SiO 2 thickness of >4.6 μm was calculated to keep these additional losses below 0.01 dB/cm. Finally, coupling both pump and signal light into the chip through this taper, as proposed in Fig. 1 , would supply enough gain to entirely compensate the fiber-chip coupling loss for the signal light, thereby creating a loss-less fiber-chip coupler or even a pre-amplifier.
A next-generation device design could be based on a spiral shape that enables amplifiers with lengths up to tens of centimeters, while occupying a footprint area as small as 6 × 6 mm 2 [25] . The amplification which can be realized with such a layout was calculated based on an Er 3+ concentration of 2.70 × 10 20 cm 3 . For a 1480-nm pump power of 260 mW available at the pigtailed diode output, resulting in a launched pump power of ~200 mW for the 76.9% fiber-to-chip coupling efficiency, a gain of 42 dB over a 25-cm-long amplifier section is predicted. Such a high gain, in combination with the small footprint and the potential for wafer-scale processing with low fabrication complexity, makes this amplifier approach highly desirable for future silicon photonic devices.
Conclusions
A novel approach for the integration of 3+ amplifier devices, indicating that internal net gain can be achieved in these integrated structures. Optimization of silicon taper losses, fiber-tochip coupling efficiency, as well as total amplifier length and footprint can result in a net gain of more than 40 dB on a silicon photonic chip for an incident pump power of 260 mW. onto a passive SOI photonic platform. This type of integration yields a large potential for the realization of complex optical functionalities in combination with active devices such as highspeed amplifiers and arrays of narrow-linewidth DFB lasers.
